Abstract As a consequence of founder effects, small population size and demographic constraints, island populations are often characterized by low genetic diversity and high inbreeding. The effects of inbreeding are more pronounced in haplo-diploid insects like bees than in similar diploid species, because their method of sex determination requires heterozygosity at a sex locus. Inbreeding leads to homozygosity at the sex locus and the production of nonviable diploid males. This means that island populations of bees are particularly prone to extinction. Here we determine the levels of diversity and isolation between islands and mainland populations of the bumble bee Bombus morio in southeast Brazil. We analyzed 659 individuals from 24 populations, sequencing two mitochondrial genes (COI and Cytb) and genotyping all individuals at 14 microsatellite loci. Surprisingly, genetic diversity was high and genetic isolation was low in all populations except Teodoro Sampaio (mainland) and Ilha da Vitória (island). Genetic diversity is not significantly correlated with island area, but is lower in populations that are more distant from the mainland. Except perhaps for Ilha da Vitória, we suggest that the island populations are unlikely to go extinct due to genetic factors. Finally, based on its genetic distance from all other populations, we identify a putative new subspecies in the Teodoro Sampaio region.
Introduction
Islands often play important roles as natural laboratories for the study of ecology and evolution (e.g. MacArthur and Wilson 1967; Mayr 1967; Franks 2010) . Because of their geographic isolation and high frequency of endemism and extinction, islands have also served as model systems for conservation studies (Wilson et al. 2009; Jensen et al. 2013) . Due to the complexity of ecological systems, the extinction of a species or population on an island may cause loss of important ecological interactions (Diamond 1984; Gaston 2009 ). Changes in predator-prey relationships, for example, can cause a cascade effect at lower trophic levels.
While humans have been the main cause of island extinctions through habitat destruction, direct predation, introduction of exotic species, and spread of disease (Frankham 1998) , island species and populations may also become extinct due to natural demographic, environmental and genetic factors (Shaffer 1981) . Island populations are characterized by low genetic diversity due to bottlenecks, founder effects and genetic drift (Wright 1931; Mayr 1942; Frankham 1997) . Other things being equal, the size of an island, its distance from the mainland, and the time elapsed since its isolation will affect the genetic structure of its animal and plant communities, and the likelihood of extinction events (Jaenike 1973; Frankham 1997) . High inbreeding and low genetic diversity may precipitate extinction by decreasing reproduction, survival and resistance to diseases (Ayala 1965; Frankham 1998; Keller and Waller 2002; Whitehorn et al. 2011) . The effects of inbreeding and low genetic diversity are generally higher in haplo-diploid species than in similar diploid species (Cook and Crozier 1995) . In haplo-diploid species such as bees, sex is determined by zygosity at a single sex-determining locus (Cook and Crozier 1995) . Females arise from fertilized eggs that are heterozygous at the sex locus, whereas males arise from unfertilized eggs. However, in inbred populations, individuals homozygous at the sex locus are produced and develop as diploid males. Diploid males are either non-viable or sterile. Therefore, the production of diploid males can enhance the extinction vortex that is often experienced by small populations (Frankham et al. 2004; Zayed and Packer 2005) .
Because bees are critical pollinators of most of ecosystems, their conservation is of paramount importance (Heard 1999; Cortopassi-Laurino et al. 2006; SteffanDewenter and Westphal 2008; Breeze et al. 2011; Goulson et al. 2015) . The extinction of even a single bee species can reduce the effectiveness of pollination services (Brosi and Briggs 2013) and can have knock on effects at other trophic levels (Brosi et al. 2007) .
Bombus morio Swederus 1787 is a polylectic and primitively eusocial bumble bee (Michener 2007) . Its broad distribution is ill-defined but it is reported from Buenos Aires (Argentina), Carabobo (Venezuela) and Lima (Peru) (Moure and Sakagami 1962; Moure and Melo 2012) . In Brazil, it is most commonly found in areas of tropical forest and coastal vegetation (Moure and Sakagami 1962) . The intranidal population of B. morio consists of a queen and about 60-70 workers (Laroca 1976; Garófalo 1978) . Like many other species of this genus, they usually nest on the ground under bushes and plant debris or in cavities dug by rodents, birds and termites (Moure and Sakagami 1962; Laroca 1976; Silveira et al. 2002; Michener 2007) . It is likely that B. morio has strong flight capabilities, since workers have been observed flying about one meter above the sea level across a bay approximately 2500 m wide (Moure and Sakagami 1962) . The dispersal distance of the reproductives is currently unknown.
Southeast Brazil encompasses many continental islands, of varying size and distance from the mainland. In the late Pleistocene when sea levels were much lower than they are today, the current islands were connected to the mainland (Â ngelo 1989). These islands, provide a natural 'laboratory' for studying the genetic properties of isolated populations (Pellegrino et al. 2005; Grazziotin et al. 2006; Bell et al. 2012) , including bee populations (Rocha-Filho et al. 2013; Boff et al. 2014 ). Here we quantify the genetic diversity and isolation of 24 B. morio populations using microsatellites and mitochondrial DNA (mtDNA) as markers. We use measures of genetic diversity, isolation and gene flow between islands and mainland populations and thereby determine whether the island populations will be more prone to extinction events due to genetic factors than the mainland populations.
Materials and methods

Sampled areas
We made collections of worker bees from island and mainland sites as described in Online Resource 1. The surveyed islands range from 1.1 to 451 km 2 in size and are 0.1-38 km from the mainland (Table 1) . We collected 704 workers that putatively belonged to 24 populations (368 sampling sites, mean sample size per population ±SD was 29.33 ± 4.28; Fig. 1 , Online Resource 1, Table 1 ). Samples collected in nearby cities or on the same island were grouped into the same population. Bees were sampled off flowers and preserved in 96 % ethanol. For DNA extraction we used one middle leg per bee. The legs were dried at room temperature for 20 min prior to DNA extraction (Walsh et al. 1991) .
Microsatellite genotyping
We analyzed 14 microsatellite loci, 12 specific to B. morio: BM1, BM3, BM4, BM5, BM7, BM9, BM10, BM11, BM12, BM13, BM17, and BM18 (Molecular Ecology Resources Primer Development Consortium et al. 2012) and two developed for B. terrestris: BT01 and BT06 (Funk et al. 2006) . Amplification conditions for BT01 and BT06 were as described for BM primers, and their annealing temperatures were 48 and 54°C, respectively. PCR reactions were adapted from Schuelke (2000 
Mitochondrial DNA sequencing
The mitochondrial genes cytochrome c oxidase subunit 1 (COI) and cytochrome b (Cytb) were partially sequenced by using the primers mtD06 ? mtD09 (Simon et al. 1994) and mtD26 (Simon et al. 1994 ) ? AMB16 (Arias et al . 2008), respectively. PCR reactions were carried out in 20 lL volumes with 2 lL of DNA, 1 U of Taq DNA polymerase (Invitrogen), 1 M of Betaine (USB), 19 PCR buffer, 200 lM of each dNTP, 3 mM of MgCl 2 and 0.4 lM of each primer. The amplification conditions consisted of an initial denaturation at 94°C/5 min, followed by 35 cycles of denaturation at 94°C/60 s, annealing at 42°C/80 s and elongation at 64°C/120 s. The final step was an elongation at 64°C/10 min. PCR aliquots (2 lL) were subjected to electrophoresis in 0.8 % agarose gel, stained with GelRed TM (Biotium) and visualized under UV light. We purified 18 lL of each PCR with 0.5 lL of ExoSAP-IT TM (USB). The purified fragments were sequenced (Macrogen, South Korea) with the primers mtD09 for COI and AMB16 for Cytb. DNA sequences were visualized, aligned, edited, and concatenated with the program Geneious 5.1.6 (Drummond et al. 2010 ). Alignments were performed using the 'muscle' algorithm (Edgar 2004 ) with a maximum of eight iterations.
Statistical analyses
MICRO-CHECKER 2.2.3 (van Oosterhout et al. 2004 ) was used to identify microsatellite genotyping errors. This program checks each locus for evidence of homozygote excess, We used COLONY 2.0.1.7 (Jones and Wang 2010) to verify whether individuals collected in the same plant or places nearby (\5 km) were from the same colony. Where likely sisters were identified, we retained one for further analysis, and discarded the others. This strategy has been frequently used in Bombus population genetic studies (e.g. Cameron et al. 2011; Lye et al. 2011; Lozier et al. 2011; Jha and Kremen 2013; Jha 2015; Moreira et al. 2015) .
GENEPOP 4.1.2 (Rousset 2008 ) was used to verify HardyWeinberg equilibrium (HWE) across populations and loci, and to detect linkage disequilibrium (LD). The Markov chain was set for 10,000 dememorizations, 1000 batches and 10,000 iterations per batch. In cases of multiple comparisons P-values were corrected by applying the Sequential Goodness of Fit test by the program SGOF 7.2 (Carvajal-Rodríguez et al. 2009 ).
GENALEX 6.5 Smouse 2006, 2012) was used to calculate microsatellite allelic richness and expected heterozigosity (H E ). Since sample sizes were different, allelic richness was standardized (Ar) by rarefaction using the program HP-RARE 1.0 (Kalinowski 2005) . Statistical differences in Ar among populations were determined using Mann-Whitney two-tailed U Tests. The inbreeding coefficient (F IS ) was calculated for each population using ARLEQUIN 3.5.1.3 (Excoffier and Lischer 2010) with 10,000 permutations. This program was also used to calculate mtDNA haplotype (h) and nucleotide (p) diversity. MEGA 5.2.1 (Tamura et al. 2011 ) was used to calculate the number of base substitutions per site by averaging over all sequence pairs between populations using the Kimura 2-parameter (K2p) model (Kimura 1980) . Population pairwise h (an F ST analogue, Weir and Cockerham 1984) was calculated with 10,000 permutations for microsatellite data using ARLEQUIN. Jost's D est (Jost 2008) was also calculated because F ST and its analogues may not be appropriate measures of genetic differentiation when heterozygosity is high (Hedrick 2005; Jost 2008; Heller and Siegismund 2009) . Global D est was calculated with 9999 permutations for microsatellite and mtDNA data using GENALEX. Pairwise D est was calculated only for microsatellite data. Mantel tests between genetic (K2p for mtDNA and D est for microsatellites) and ln-transformed geographical distances were performed by GENALEX with 9999 permutations in order to verify isolation by distance.
Spatial clustering of individuals based on microsatellite data and geographic coordinates was conducted using BAPS 6 (Corander et al. 2008; Cheng et al. 2013) . The program was initially run 5 times for K = 1-20 and then 10 times for K = 1-11 (K is the number of a priori genetic clusters). These results were used for admixture analysis with 200 iterations to estimate the admixture coefficients for the individuals, 200 simulated reference individuals per population and 20 iterations to estimate the admixture coefficients of the reference individuals.
Results
Sample size
We visited 11 islands and found B. morio on all of them except Ilha Monte de Trigo. Overall, 704 bees were sampled, but this number dropped to 659 (Table 1) after excluding nestmates based on COLONY.
Microsatellite diversity
We found no evidence of consistent heterozygote excess or null alleles in any population or locus. After the Sequential Goodness of Fit correction, locus BT01 showed significant deviation from HWE in Ilha de São Sebastião (P = 0.004) and Prudentópolis (P = 0.005). Loci BM9 and BM17 showed deviation from HWE in Apiaí (P = 0.007) and Ilha Comprida (P = 0.001), respectively. Since those were occasional instances, no locus was removed from the analyses. No significant LD was found between any pair of loci (all P [ 0.05).
The number of alleles per locus ranged from four to 26, with an average of 14.1 ± 1.6 (Online Resource 2). Mean H E was 0.75 ± 0.04. Ar was standardized for 5 individuals and ranged from 3.3 (Ilha da Vitória) to 4.9 (Ilha Anchieta) ( Table 1) . Ilha da Vitória and Teodoro Sampaio also showed the lowest Ar and H E values (Table 1 ). Ar was not significantly different between Ilha da Vitória and Teodoro Sampaio (U = 86, P = 0.0581), but it was between these two populations and the others (U \ 47, P \ 0.05). Ar and H E were positively correlated (r = 0.936, P \ 0.001) so Ar is used as our measure of microsatellite diversity hereafter.
Microsatellite diversity of mainland populations was not significantly correlated with sampling area (r = -0.171, P = 0.424, n = 14) or median elevation (r = -0.031, P = 0.884, n = 14). Microsatellite diversity of island populations was not significantly correlated with island area (r = 0.284, P = 0.427, n = 10), but was negatively correlated to the distance from the mainland (r = -0.885, P = 0.001, n = 10).
Nine populations had F IS significantly greater than zero (P \ 0.05); five from the mainland (Angra dos Reis, Apiaí, Foz do Iguaçu, Prudentópolis and Teodoro Sampaio) and four from islands (Ilha Grande, Ilha de São Sebastião, Ilha Comprida and Ilha do Mel). The highest F IS (0.10) was found in Teodoro Sampaio.
MtDNA diversity
Typically, we obtained 392 bp of sequence from the COI gene (GenBank accession numbers KM505163-KM505866), and we identified 33 haplotypes. We generated 403 bp of sequence from the Cytb gene (KM505867-KM506570) and detected 53 haplotypes. We used the concatenated sequences (795 bp) for all population analyses. All 659 sequences from the 24 populations generated 100 haplotypes (Online Resource 3). The number of haplotypes per population ranged from 1 (Ilha da Vitória) to 23 (Angra dos Reis) ( Table 1 ). Since h and p are correlated (r = 0.881, P \ 0.001, n = 24) we hereafter use p as our measure of mtDNA diversity. High mtDNA diversity was found in all populations but Ilha da Vitória and Teodoro Sampaio ( Table 1) .
As observed for microsatellite data, mtDNA diversity was not significantly correlated with sampling area (r = -0.074, P = 0.731, n = 14) or median elevation (r = -0.034, P = 0.876, n = 14). For island populations, mtDNA diversity was not significantly correlated to island area (r = 0.475, P = 0.166, n = 10), but it was negatively correlated to the distance from the mainland (r = -0.748, P = 0.013, n = 10).
Diversity between mainland and islands
Populations were grouped according to their location: mainland or islands (see Table 1 ). Ar was standardized for 260 individuals and showed high diversity on both the mainland (12.65) and on islands (11.71). There was no significant difference in Ar values between islands and the mainland (U = 105, P = 0.748). MtDNA diversity was higher in populations from the mainland (0.0435 ± 0.0263) than populations from the islands (0.0370 ± 0.0236), but not significant (U = 52, P = 0.292).
Population differentiation and gene flow
Global D est for microsatellites was low (0.071, P \ 0.001). Pairwise h (Online Resource 4) and D est (Table 2) were positively correlated (r = 0.989, P = 0.000, n = 276) and D est is used hereafter as our measure of microsatellite differentiation between populations. Most measures of pairwise D est between populations were \0.05 (Table 2) , regardless their location (mainland or islands). Highest values were detected between Teodoro Sampaio and Ilha da Vitória populations relative to all other populations (0.218-0.385). Pairwise D est was not significantly correlated with the ln-transformed geographic distance (r = 0.106, P = 0.166, n = 276). The spatial cluster approach used by BAPS determined K = 2 as the most likely optimal number of clusters (probability of 99.99 %) (Fig. 1) , separating the Teodoro Sampaio population from all others.
Fourty seven of the 100 concatenated mtDNA haplotypes were shared by two or more populations. The haplotype network (Online Resource 5) features a striking number of nucleotide substitutions that separate the Teodoro Sampaio population from the others. Global D est for mtDNA was 0.344 (P \ 0.001). Based on K2p the highest differentiation between populations was between Teodoro Sampaio and all other populations (2.106-2.512 %) (Table 3) . Teresópolis also showed substantial divergence from other populations. Mostly, however, populations were poorly differentiated. Mantel tests showed a significant positive correlation between ln-transformed geographic and K2p distances (r = 0.225, P = 0.045, n = 276).
Discussion
Genetic diversity was high and genetic isolation was low in all B. morio populations except Teodoro Sampaio (mainland) and Ilha da Vitória (island). Furthermore, genetic diversity was not significantly correlated with island area, although it was lower on islands that are more distant from the mainland. We suggest that the island populations we studied will not be especially prone to extinction due to genetic factors, except, perhaps, Ilha da Vitória.
In contrast to B. morio, studies of other Bombus species have found low genetic diversity and high differentiation among island and mainland populations (Estoup et al. 1996; Widmer et al. 1998; Shao et al. 2004; Darvill et al. 2006 Darvill et al. , 2010 Schmid-Hempel et al. 2007; Goulson et al. 2011; Lye et al. 2011; Lozier et al. 2011; Lecocq et al. 2013; Moreira et al. 2015) . This discrepancy may be because the islands studied here are closer to the mainland than those in other studies. This would allow migration of reproductives increasing B. morio's effective population size and avoiding diversity loss by genetic drift. In the most isolated islands we found low genetic diversity (Ilha da Vitória, 38 km from the mainland and 11 km from the nearest island) or absence of bumble bees (Ilha Monte de Trigo, 10 km from the mainland). Most likely, dispersal allows B. morio to minimize the effects of geographic isolation on the islands with high genetic diversity, whose distances from the mainland or nearest island ranged from 80 m (Ilha do Cardoso) to 7 km (Ilha de Búzios from Ilha de São Sebastião).
The dispersal of B. morio is intimately related to its nesting and reproductive behavior. Colony reproduction in Bombus begins when a virgin queen leaves her mother's colony, mates, and then looks for a suitable place to build the new nest. Once a nest site is found, the newly-inseminated queen excavates the nest site, builds brood cells, Population abbreviations as in Table 1 * P The number of base substitutions per site obtained from averaging over all sequence pairs between populations are shown. Analyses were conducted using the Kimura 2-parameter model (Kimura 1980) and involved 659 nucleotide sequences. Population abbreviations as in Table 1 starts oviposition and performs all activities, such as foraging, cell provisioning and feeding the larvae (Garófalo 1979) . When workers emerge, the queen never leaves the nest again (Laroca 1976) . Unlike stingless bees, young bumble bee queens found colonies completely independent of their mother colony. This means that Bombus queens are free to found their nest many kilometers from the natal nest (Lepais et al. 2010; Dreier et al. 2014) . In Europe, Bombus queens have been observed several kilometers off shore over water (Macfarlane and Gurr 1995; Widmer et al. 1998; Darvill et al. 2010) . In New Zealand, queens of B. terrestris have colonized islands up to 30 km from the mainland (Macfarlane and Gurr 1995) . However, our mtDNA data show some population structure and isolation by distance suggesting that dispersal of B. morio queens is restricted. In contrast to mtDNA results, our microsatellite data show little evidence of genetic isolation, even over distances exceeding 1000 km. Bombus populations in Europe and North American also show striking homogeneity (e.g. Estoup et al. 1996; Ellis et al. 2006; Lozier and Cameron 2009; Lozier et al. 2011; Lecocq et al. 2013; Jha 2015) . Absence of genetic isolation in the microsatellite data is suggestive of strong male-mediated gene flow, and significant dispersal by males, whereas the structure in the mtDNA suggests that queen dispersal is more limited. In B. terrestris, males can fly up to 10 km, including over water (Kraus et al. 2009 ). Our data suggest that B. morio males can fly at least 7 km over water, the distance from Ilha de São Sebastião to Ilha de Búzios.
In addition to the high genetic diversity in B. morio populations, both island and mainland populations show no evidence of significant inbreeding. High gene flow and high effective population size probably explain this finding. Some Bombus species have additional mechanisms that reduce inbreeding. In B. muscorum, males collected from aggregations are unrelated to queens from nearby nests (Darvill et al. 2007 ). In B. terrestris, reproductives take longer to initiate matings with siblings than non-relatives, suggesting avoidance of consanguineous matings (Whitehorn et al. 2009 ).
Strikingly, the Ilha da Vitória population is genetically distinct from other populations, and has low genetic diversity. This suggests that the Ilha da Vitória population is small, isolated and may be threatened with extinction. The Ilha da Vitória population of the non-social orchid bee Euglossa cordata, also has low genetic diversity and is strongly differentiated from adjacent populations on nearby islands and the mainland (Boff et al. 2014) .
Both mitochondrial and microsatellite markers showed low genetic diversity in the Teodoro Sampaio population and high differentiation between Teodoro Sampaio and all other populations. The Teodoro Sampaio population did not share haplotypes with any other population, whereas all other populations shared at least one haplotype. In all populations other than Teodoro Sampaio haplotypes were very similar, and differed by only one nucleotide in most cases. In contrast, the proportion of variable sites between Teodoro Sampaio and other populations was higher (2.065-2.454 %) than that seen among all other population pairs (0.554 % between São Sebastião and Teresópolis). The significant genetic divergence of the Teodoro Sampaio population suggests that this population should be considered as a subspecies of B. morio. The taxonomy of Brazilian bumble bees is unresolved. For a long time only six species were recognized (Moure and Sakagami 1962) . More recently, two new species have been described with the crucial help of molecular data (Françoso et al. 2015; Santos Júnior et al. 2015) . Greater sampling effort in the Teodoro Sampaio region will be necessary to determine this putative subspecies' distribution and genetic properties.
Our study represents the first detailed genetic analysis of a Neotropical bumble bee species. It shows significant gene flow between islands and between islands and the mainland. Moreover that gene flow is mainly mediated by males, and less so by queens. We suggest that B. morio populations will remain acting as an important pollinator on most of the islands studied but a special conservation strategy will be needed for Ilha da Vitória.
